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The main o b j e c t i v e s  o f  t h e  NASA-sponsored Aerothermal Model ing Program, Phase 
I 1  Element C, a re  t o  c o l l e c t  benchmark q u a l i t y  da ta  t o  q u a n t i f y  t h e  f u e l  spray 
i n t e r a c t i o n  w i t h  t h e  t u r b u l e n t  s w i r l i n g  f l o w s ,  and t o  v a l i d a t e  c u r r e n t  and ad- 
vanced two-phase f l o w  models. 
n i c a l  tasks.  
This  e f f o r t  c o n s i s t s  o f  t h e  f o l l o w i n g  f i v e  tech-  
TASK 1--EXPERIMENTAL CONFIGURATION 
A t e s t i n g  f a c i l i t y  ( F i g u r e  1) was designed t o  c h a r a c t e r i z e  a wide v a r i e t y  o f  
f lows under i so the rma l  c o n d i t i o n s .  The f u e l  nozz le  and s w i r l e r  combinat ion 1s  
operated a t  bo th  unconf ined and con f ined  c o n d i t i o n s .  The measurements i n c l u d e  
t h e  f o l l o w i n g  q u a n t i t i e s :  t h e  t h r e e  components o f  mean and r o o t  mean square 
(rms) gas v e l o c i t y  as w e l l  as Reynolds s t resses ,  t h e  three components o f  mean 
and rms d r o p l e t  v e l o c i t y ,  Sauter mean diameter,  d r o p l e t  s i z e  d i s t r i b u t i o n ,  and 
cone angle.  
A l l  t he  t e s t  c o n f i g u r a t i o n s  ( r e f  1 )  a r e  f i r s t  operated f r e e  o f  i n j e c t e d  p a r t i -  
c l e s ,  second w i t h  i n j e c t e d  monodisperse s o l i d  p a r t i c l e s  (25-micron g lass  
beads), then w i t h  two mlxed p a r t i c l e s  (25 -  and 100-micron beads), and f i n a l l y  
w i t h  a f u e l  spray th rough an a i r b l a s t  atomizer.  
TASK 2--MODELING S E N S I T I V I T Y  ANALYSIS 
Computer codes were run to highlight different flow regimes that would be taken 
i n t o  account d u r i n g  da ta  c o l l e c t i o n .  
TASK 3--MEASUREMENTS 
A two-component phase/Doppler system (Aeromet r ics ,  Inc. ,  Model No. 2100-3) i s  
be ing  used t o  map ou t  t h e  f l o w  f i e l d  f o r  bo th  phases. The ins t rumen t  s imu l ta -  
neously measures s i z e  and two or thogona l  components o f  v e l o c i t y  f o r  i n d i v i d u a l  
p a r t i c l e s .  The technique has been eva lua ted  u s i n g  bo th  l a s e r  d i f f r a c t i o n  and 
l a s e r  v i s i b i l i t y  techniques i n  a s e r i e s  o f  s tud ies  ( r e f s  2 and 3 ) .  
t i o n  o f  phases o r  o f  d i f f e r e n t  s i zed  beads was i n h e r e n t  i n  t h e  o p e r a t i o n  of 
t h e  system. 
Aluminum ox ide  (nominal  2.0 microns) was used t o  seed the gas phase and, when 
sized, p rov ides  a l o c a l  peak i n  s i z e  scores s u b s t a n t i a l l y  l e s s  than  t h e  l o c a l  
peak f o r  t h e  beads. 
D isc r im lna -  
By s i z i n g  a l l  p a r t i c l e s ,  s t a t i s t i c s  a r e  generated f o r  bo th  phases. 
* U n i v e r s i t y  o f  C a l i f o r n i a  a t  I r v i n e  
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Data a r e  tabu la ted ,  and t h e  experiment i s  documented i n  Ref 4 f o l l o w i n g  t h e  
fo rmat  o u t l i n e d  i n  Ref 5. D e t a i l s  o f  t e s t  c o n d i t i o n s  a re  g i ven  i n  Ref 1, where 
t h e  t e s t  cases a r e  summarized i n  Table 1. 
Resu l ts  o f  cases (1, 2, 7, and 8) a r e  presented below. 
TASK 4--RESULTS AND ANALYSIS 
Cases 1 and 2 r e l a t e  t o  s i n g l e  phase a x i a l  and c o a x i a l  f r e e  j e t s ,  r e s p e c t i v e l y ;  
cases 7 and 8 a r e  t h e  corresponding two-phase f l o w  cases w i t h  g lass  beads o f  
25 microns. The l o a d i n g  r a t i o  (LR), de f ined as t h e  r a t i o  o f  p a r t i c l e - t o - g a s  
mass f l o w  r a t e  a t  t h e  i n l e t  p lane f o r  cases 7 and 8, a r e  1.0 and 0.2, respec- 
t i v e l y .  
o f  cases 1 and 7 a r e  presented i n  Ref 6 w h i l e  cases 2 and 8 arc? covered i n  
Ref 7.  
More d e t a i l s  f o r  t e s t  cond i t i ons ,  da ta  a n a l y s i s ,  and model assessment 
F i g u r e  1 shows comparison between p r e d i c t e d  and measured va lues o f  t h e  mean 
and gas v e l o c i t y  f o r  cases 1 and 7. It can be seen f rom F igu re  1 t h a t  i n  t h e  
p a r t l c l e - l a d e n  j e t ,  t h e  gas v e l o c i t y  downstream o f  t h e  nozz le  e x i t  i s  h i g h e r  
than t h e  s ing le-phase va lue.  A t  z/D = 12.45, an i nc rease  o f  about 20% o f  t h e  
single-phase v e l o c i t y  i s  caused by t h e  presence o f  t h e  p a r t i c l e s .  Th is  phenom- 
enon I s  exp la ined  i n  d e t a i l  by Hosta fa  and Hongia ( r e f  8) and can be a t t r i b u t e d  
t o  two e f f e c t s .  One e f f e c t  i s  t h e  momentum t r a n s f e r  f rom t h e  p a r t i c l e s  t o  t h e  
a i r  s ince  t h e  p a r t i c l e  v e l o c i t y  becomes g r e a t e r  than t h e  gas v e l o c i t y  a f t e r  a 
s h o r t  d i s t a n c e  downstream o f  t h e  i n j e c t o r .  The o t h e r  e f f e c t  i s  t h e  modu la t ion  
o f  t h e  gas tu rbu lence  caused by t h e  p a r t i c l e s .  
F igu re  3 corresponds t o  measurements o f  t h e  p a r t i c l e  mean v e l o c i t y  and number 
d e n s i t y  and shows t h e  p r e d i c t i o n s  w i t h  s t o c h a s t i c  (ST)  and d e t e r m i n i s t i c  (DT) 
t rea tments .  I t  can be seen f rom F igu re  3 t h a t  t h e  ST p rov ides  good p r e d i c t i o n s  
compared w i t h  t h e  exper imenta l  data,  w h i l e  t h e  DT per forms q u i t e  p o o r l y .  Ac- 
c o r d i n g  t o  t h e  l a t t e r ,  a p a r t i c l e  moves r a d l a l l y  due t o  i t s  i n i t i a l  mean r a d i a l  
v e l o c i t y  and/or t h e  mean r a d i a l  gas v e l o c i t y ,  b o t h  o f  whlch a r e  smal l  compared 
w i t h  t h e  a x i a l  component. 
F igures  4 and 5 correspond t o  F igures  2 and 3 b u t  f o r  c o a x i a l  j e t s  and w i t h  LR 
= 0.2 i n s t e a d  o f  1.0. Due t o  t h e  smal l  l o a d i n g  r a t i o ,  t h e  e f f e c t  o f  t h e  p a r t i -  
c l e  on t h e  gas mean v e l o c i t y  i s  very  smal l  ( F i g u r e  4 ) .  F igu re  5 i s  c o n s i s t e n t  
w i t h  F igu re  3 i n  showing t h e  s u p e r i o r l t y  o f  t h e  ST over  DT i n  p r e d i c t i n g  p a r t i -  
c l e  p r o p e r t i e s .  
TASK 5--MODEL IMPROVEMENT 
A mathemat ica l  model f o r  t u r b u l e n t  evapora t ing  sprays based or1 t h e  recen t  work 
i n  t h a t  area ( r e f  8) i s  be ing  v a l i d a t e d  i n  t h i s  e f f o r t .  F igu re  6 r e l a t e s  t o  
measurements o f  t h e  gas k i n e t i c  energy and shear s t r e s s  a t  LR = 1.0 and shows 
t h e  p r e d i c t i o n s  w i t h  t h e  s ing le-phase K-E model and i t s  v e r s i o n  f o r  two-phase 
f l ows .  I n  t h e  l a t t e r ,  t h e  tu rbu lence  modu la t ion  I s  s imu la ted  by l n t r o d u c i n g  
e x t r a  terms I n  t h e  tu rbu lence  k i n e t i c  energy and i t s  d i ss ipa t ' i on  r a t e  equa- 
t i o n s .  It can be seen f rom F igu re  6 t h a t  t h e  s ing le-phase model does n o t  
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predict the turbulence modulation caused by the particles i n  the two cases. 
However, the two-phase flow model yields fairly good comparison with the data. 
This result confirms our previous findings (e.g., ref 9) that the interaction 
between the gas and particles is indeed due to both relative mean and fluctuat- 
ing motion between the two phases, and the turbulence modulation caused by the 
particles is equally important to the particle's dispersion due to gas turbu- 
1 ence . 
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TABLE 1 : TEST CASES 
NOZZLE "FLUIO" 
PARTICLES LIauxu 






FUEL INJECTOR A 
A 
SWIRL CONTINEMENT 
OO 60° 457 HH 152 HH 






- DATA SETS COLLECTED: 1 - 12 
- PRELIMINARY DATA EVALUATION IS COMPLETED FOR CASES: 
- MODEL EVALUATION EFFORT 
1, 2, 3 ,  7, 8 ,  9 
- CASES COMPLETED: 1, 2 ,  7 8 
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Figure 1. Flow facility and optical arrangement. 
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Figure 2. Radial profiles of normalized gas axial velocity for single-phase 
and particle-laden jet flows. 
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Figure 3. Radial profiles for normalized particle axial velocity and number 
density for particle-laden jet flows. 
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( b )  particle-laden coaxial jets 
LR = 0.2 
I - . e  . 5  .e  .5  . e  .s . e  .s . e  :s :e :s .'e .'s . 0  . 5  1 . e  
U,'Uz ,O 
Figure 4. Radlal profiles o f  normalized gas axial velocity for slngle-phase 
and partlcle-laden coaxlal jet f l o w s .  
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( b )  particle number density 
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Figure 5. Radial profiles o f  normalized particle axlal velocity and number 
density for particle-laden coaxial jet flows. 
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Figure 6. Effect o f  single-phase and two-phase turbulence models on gas 
turbulence kinetic energy and shear stress for particle-laden 
Jet at loading ratio, LR = 1.0. 
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